Abstract. New ENDF-6 formatted nuclear data evaluations are presented for all natural isotopes of Ca, Sc, Fe, Ge, Pb, and Bi. Apart from the resonance range and low-energy total cross sections, which we have adopted from the best available library, the nuclear data evaluations are completely revised up to 20 MeV, and moreover are extended up to 200 MeV. This collection of isotopic evaluations, called NRG-2003, is created with the nuclear-model code TALYS using input parameters that deviate only slightly, or not at all, from the default values. These model-input parameters have been tuned to the available experimental data. All evaluations presented here are thus of comparable quality: For each isotope, we use the same set of nuclear models and, equally important, the same set of ENDF-6 formatting procedures. We have made these evaluations complete in their description of reaction channels. The data, which are stored in a compact way, include cross sections, angular distributions, double-differential spectra, discrete and continuum photon-production cross sections, and residual production (activation) cross sections including isomers. We have validated the new evaluations with a few criticality and shielding benchmarks. The data files will be proposed for inclusion in JEFF-3.1.
INTRODUCTION
Inspection of the data libraries available in the world reveals that the various isotopic evaluations differ considerably in quality. Here, quality stands for: (a) good physical content: realistic values of the data, (b) completeness: presence of all cross sections, secondary distributions, etc. for all reaction channels, and (c) processibility: proper ENDF formatting and internal file consistency to enable applied use. The quality generally depends on the importance of the material for applications, and thereby (usually) on the age of the evaluation and on the availability of high-quality experimental data. Given enough resources, it would be logical and consistent to consider many isotopes at the same time, and to base the evaluations on the experimental database, nuclear model code, and ENDF formatting techniques that are available at that particular moment. Nowadays, a nuclear model code can be used to produce complete evaluations, i.e., data for all reaction channels, while precise experimental data can be included, or used in the nuclear model adjustment procedure, for key reaction channels.
In this paper we present NRG-2003: a set of new evaluated ENDF-6 formatted nuclear data libraries for all natural isotopes of Ca, Sc, Fe, Ge, Pb, and Bi, for incident neutrons and protons. These data libraries are completely revised, from the unresolved resonance range up to 200 MeV, and are the result of various projects NRG was involved in recently. The Fe, Pb, and Bi isotopes were considered in the HINDAS project [1] as important isotopes for transmutation of waste. One of the objectives of this project was to extend the existing data files from 20 to 200 MeV. Recently, several sensitivity studies for the coolant and core of accelerator-systems became available, showing the problematic state of some of the available Bi and (especially) Pb evaluations at energies below 20 MeV. Therefore, we produced revised Pb and Bi evaluations for the entire energy range. Ca and Ge are important for applications other than nuclear energy, especially for energies of 14 MeV and below, and with emphasis on inelastic scattering and the associated gamma-ray production. With the techniques already developed for the other isotopes, it was natural to extend these data files to 200 MeV too. The Ca and Ge evaluations form the freely available part of a commercial data library for oil-well logging and are expected to have impact on other neutron applications as well. Finally, Sc is a bonus evaluation produced while constraining the model parameters for the neighboring Ca isotopes.
The data files provide a complete representation of nuclear data needed for transport, damage, heating, radioactivity, and shielding applications over the incident neutron energy range from 1.0E-11 to 200 MeV.
EVALUATION METHODOLOGY
As shown in Table 1 , most of the data come from the TALYS-code [2] with, for these isotopes, model parameters tuned to existing experimental data. TALYS is a computer-code system for the prediction and analysis of nuclear reactions that involve neutrons, photons, protons, deuterons, tritons, helions, and alpha particles, in the 1 keV -200 MeV energy range. It is discussed in more detail in [2] .
For certain reactions and energy ranges TALYS is not appropriate. This holds for the description of resonances, or when the directly available experimental data are of better quality, e.g., low-energy total cross sections. In these cases, we have adopted the best possible data from an existing library; see Table 1 .
All evaluations were performed simultaneously with other adjacent isotopes, both for incident neutrons and protons. This enables, when compared with a singleisotope effort, putting stronger constraints on the produced calculated data, i.e., a good comparison between TALYS and experimental data are demanded for all isotopes at the same time, while nucleus-specific model parameters are consistently used for all isotopes. Sometimes, experimental data that are not available for the isotope under study are present for adjacent nuclides or for other projectiles. For some reaction channels it holds that if they can be successfully described by the models, a similar performance can be expected for the unmeasured reaction channel.
For this work, all optical-model calculations are performed with the local and global parameterizations of [3] . These are phenomenological optical model potentials for neutrons and protons that in principle are valid over the 1 keV -200 MeV energy range. Apart from Ge, all nuclides were treated as spherical. For the even Geisotopes, a harmonic vibrational coupled-channel calculation was performed to compute the direct cross sections to several low-lying one-phonon and two-phonon discrete levels. For odd isotopes, we used the weak-coupling model.
Various level-density parameters for residual nuclides were adjusted to enforce agreement with the experimental data. The changes in the level-density parameters a were all kept within 10%-15% of their default values. A similar variation was allowed for the level-density shell-damping parameter γ. For some nuclides, the leveldensity matching level was adjusted.
The calculated capture cross section is fitted to the available experimental data, by overruling the default renormalization to the s-wave strength function.
Generally, an adjustment of the default matrix element parameterization for pre-equilibrium reactions of about 30% is needed to describe the high-energy cross sections and emission spectra. Once these adjustments are fixed, basically everything that should be present in a data file is calculated with the methods described in [2] . A large comparison with existing experimental data has been performed, which will be detailed in future publications. We restrict ourselves here to an important inelastic-scattering cross section for 208 Pb in the low-energy domain, see Fig. 1 .
ENDF-6 PROCEDURES
The data files have been created automatically using our ENDF-6 format generator TEFAL, which merges experimental data, data from existing libraries, and results from TALYS into a single ENDF-6 file. Each evaluated file contains the following data:
MF1: General information. An extensive description of the evaluation methods, experimental data used, etc. is included.
MF2: Resonance parameters. These are adopted from the best possible library.
MF3: Reaction cross sections. Included are:
• Total, elastic, and non-elastic cross sections • Inelastic and other binary (´n pµ, etc.) cross sections to discrete states • Exclusive channel cross sections, e.g., (n,g), (n,2n), (n,np), ...
All partial cross sections (and associated MT-numbers)
for energies below 20 MeV are included, provided the maximal cross section in an excitation function over the whole energy range exceeds 1.e-9 b. For energies above 20 MeV, MT5 contains the total non-elastic cross section, which can be combined with MF6/MT5 to obtain particle-production cross sections and doubledifferential cross sections.
MF4: Angular distributions of secondary particles. Included are:
• Elastic scattering angular distributions while all other secondary angular distributions are stored in MF6. For incident energies below 20 MeV, Legendre coefficients are given on a sufficiently precise energy grid. They are a sum of calculated Legendre coefficients for compound-nucleus and shape-elastic scattering. For incident energies above 20 MeV, relative angular distributions are tabulated.
MF6: Product energy-angle distributions. Included are:
• Inelastic-scattering angular distributions to discrete states
• Exclusive-channel energy spectra • Exclusive-channel double-differential spectra • Exclusive-gamma production for discrete states and continuum • Residual production cross sections • Total particle multiplicity, e.g., (n,xn), (n,xp), ...
FIGURE 2.
Comparison for the LCT10 criticality benchmark.
• Total particle energy spectra • Total particle double-differential spectra
The angular distribution for inelastic (and (n,p), etc.) scattering to each discrete state is given with Legendre coefficients up to 20 MeV. Next, the exclusive yields for all discrete gamma rays that originate from each level are given.
For continuum channels, on a sufficiently dense incident energy grid the secondary energy-angle distributions for each ejectile are specified by means of the relative emission spectra and the parameters for the Kalbach systematics for angular distributions. Next, the photon yield is tabulated as a function of incident energy. For each incident energy, the photon production is given for all discrete gamma lines present in the final nucleus. A continuum photon distribution is added to this. We assume isotropy for all produced gamma rays.
For energies above 20 MeV, MT5 contains the yields of all particles and residual products. Next, for each ejectile the emission spectra and Kalbach angular distributions are provided. For inelastic spectra 20 MeV, cross sections for discrete states have been broadened and added to the continuum spectra. Finally, the residual production yields are given per final product. All these yields and relative distributions can be multiplied with the cross sections given in MF3/MT5 to get the particle and residual production cross sections and doubledifferential cross sections.
MF8/9/10: Production of radioactive nuclides. Included are:
• Isomeric and ground-state cross sections On the basis of the pointer set in MF8, isomeric production data are put in either MF9, for non-threshold reactions, as relative yields, or as cross sections in MF10, for threshold reactions, see also [4] . Table 2 shows the results of calculations with MC-NPX25E. The new data files predict integral parameters that agree reasonably with other available data files. The coolant-voiding coefficient is not affected, but both the effective multiplication factor and the source multiplication decrease slightly. Experimental data are needed for these systems to show which of the files performs best. 
CONCLUSIONS
New neutron and proton evaluations for the isotopes listed in Table 1 have been produced. While most of the effort on nuclear modelling, parameter adjustment, and ENDF formatting has gone into the 20 MeV part, all evaluated files extend up to 200 MeV. Extensive use of the TALYS code has been made, while only resonance parameters and low-energy total cross sections have been adopted from other libraries. So far, comparisons with other data libraries are encouraging, both on the microscopic and macroscopic level.
